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Abstract 
This study shows that the intracellular concentration f homocysteine in cultured cells is kept low due to an accumulation i  the 
medium. The intracellular level of homocysteine was decreased when its precursor, methionine, was omitted from the culture medium. 
Intracellular glutathione and cysteine were lowered in cystine-deficient medium. Intracellular glutathione was also lowered when copper 
ions were added to the culture medium. It is evident from this study that the intracellular concentration f homocysteine was not 
influenced by the lowered level of glutathione and/or cysteine. High amounts of homocysteine added to the medium give rise to an 
increase of intracellular reduced homocysteine, which participates in the transsulfuration pathway and can replace cysteine in the 
synthesis of gluthathione. The addition of relatively high amounts of reduced homocysteine (500/xmol/l) in the presence of copper ions 
(100 /zmol/1) to the culture medium can be directly toxic to the cells, possibly due to oxygen radicals formed by thiol auto-oxidation. 
Whilst the level of homocysteine in this study using short-time cell culture experiment is much higher than the mild hyperhomocysteine- 
mia thought o be atherogenic n humans, it is conceivable that over a longer time course these levels of homocysteine could be sufficient 
to induce endothelial dysfunction, eventually eading to atherosclerosis. 
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1. Introduction 
Homocysteine, a sulfhydryl amino acid, is the demeth- 
ylated derivative of methionine [ 1 ]. Greatly elevated plasma 
levels of homocysteine (typical 100-500 /zmol/1) are 
found in subjects with homocystinuria [1]. These patients 
exhibit early arteriosclerosis, arterial and venous thrombo- 
sis. Recently, milder hyperhomocysteinemia has been re- 
ported in patients with premature vascular disease, many 
of whom may be heterozygous for homocystinuria [2-8]. 
Despite the growing evidence that plasma homocysteine is 
a cardiovascular risk factor, the mechanism behind the 
vascular injuries is still unknown. It is therefore of great 
interest to obtain information about the metabolism of 
homocysteine to understand its role in atherogenesis and 
also to be able to modulate its level in order to decrease 
that risk. 
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Adenosyl-methionine is the immediate precursor of 
homocysteine and is the principal methyl donor in mam- 
mals [1]. After a methyl transfer reaction (transmethyl- 
ation), adenosyl-homocysteine s hydrolysed to homo- 
cysteine and adenosine. Homocysteine may either be ca- 
tabolized in the transulfuration pathway via cystathionine 
to cysteine or remethylated back to methionine, mainly by 
the folate and cobalamin-dependent zyme methionine 
synthase. Cysteine and y-glutamylcysteine are precursors 
to glutathione [9]. The breakdown of gluthatione is catal- 
ysed by y-glutamyl transpeptidase, which results in the 
formation of cysteinylglycine [9]. All these thiols are thus 
metabolically related. 
We have recently developed a procedure for determina- 
tion of these thiols in human plasma [10]. In order to 
elucidate the metabolism of homocysteine, its relation to 
the other thiols and its possible role in increased atheroge- 
nesis, we have used this method to measure the concentra- 
tions of the different hiols in a cell culture system (human 
histiocytic/monocyte/cell line U-937). We have investi- 
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gated the metabolism of homocysteine in methionine-and 
cystine-deficient medium with and without he addition of 
homocysteine. Thiols and copper ions are connected 
through their chemical reactivity such as auto-oxidation of
thiols and depletion of intracellular glutathione (see Sec- 
tion 4) and therefore we also investigated the metabolism 
of homocysteine in the presence of high amounts of copper 
ions. 
2. Material and methods 
2.1. Cell culture 
The established monocyte cell line U-937 was obtained 
from American type culture collection, Rockville, MD, 
USA. The cells were cultured at 37°C in 75 cm 2 flasks, in 
12 ml of RPMI 1640 (Gibco Laboratories, Santa Clara, 
CA, USA) containing 10% fetal calf serum (Gibco Labora- 
tories), in the presence of gentamycin. The cells were 
grown in humidified air with 5% CO 2. The cells were 
routinely screened for and shown to be free from my- 
coplasma using a kit with a specific DNA-probe from 
Gen-Probe, San Diego, CA, USA. The substances added 
(in a volume of 100 /xl) to the cell culture experiment 
(homocysteine, CuSO4; both were bought from Sigma, St. 
Louis, MO, USA) were prepared in 1 mmol/l  of HCI 
immediately before the start of the experiment. 
2.2. Procedures 
After the experiments he cells and medium were imme- 
diately centrifuged (2000 "< g for 5 min). Seventy /xl of 
0.3 M Tris buffer (pH 8.5) and 30 /xl of 0.1 M DTT was 
added to 400 /~l of medium. The cells were immediately 
washed twice with ice-cold 2 ml PBS (phosphate-buffered 
saline [pH 7.3] containing 8.6 g KH2PO 4, 48 g Na2HPO 4 
× 2H20 and 25 g NaCl per litre). Thereafter the cells 
were homogenized in 500 p.l of 10 mM phosphate buffer 
(pH 8.0) and 30 /xl 0.1 M dithiothreitol (DTT) in an 
all-glass Potter-Elvehjem homogenizer. The homogenate 
and medium were incubated at 37°C for 15 min and then 
100/xl of 15% sulfosalicylic acid was added. After 30 min 
centrifugation at 4°C (12 000 × g for 20 min) was per- 
formed and the supernatant was frozen at 70°C until 
analysis not more than two days later. This procedure 
measures the total amount of thiyl moieties, whether disul- 
fide-bound or not. In some experiments he DTT reducing 
step was omitted and analysis was performed on the 
protein-free supematant obtained after precipitation with 
sulfosalicylic acid. Using this preparation, the reduced 
fraction of intracellular thiols could be determined [10]. 
The cellular contents of thiols are expressed as the total 
amount (nmol) or amount per mg cell protein. In the 
medium thiols are always expressed as the amount present 
in the total volume of medium (12 ml). 
2.3. Assays 
The assays of the thiols were as described before [10]. 
In short, we used a high-performance liquid chromato- 
graphic method, which utilizes isocratic reversed-phase 
ion-pair chromatography at pH 2.4 and post-column 
derivatization with 4,4'-dithiopyridine and colorimetric de- 
tection at 324 nm [10]. Protein was analysed according to 
Lowry et al. [ 11]. The determination f /3-hexosaminidase 
(EC 3.2.1.52.) in media was performed with p- 
nitrophenyl2-acetamido 2-deoxy-fl-o-glucopyranoside 
(Koch Light, UK) as enzyme substrate [12]. Lactate dehy- 
drogenase (LDH) in media was assayed with the routine 
method at the Department of Clinical Chemistry, Univer- 
sity Hospital, Lund, on a Kodak Ektachem 700 XR-C 
instrument (Eastman Kodak, Rochester, NY, USA) 
2.4. Statistics 
Results are expressed as mean and S.D. Statistical 
significance between the different groups was assessed by 
the Mann-Whitney rank sum test. P < 0.05 was consid- 
ered significant. 
Table 1 
The total amounts (nmol) of intra- and extracellular thiols after 0.5, 24 and 48 h of incubation in methionine-containing or methionine-deficient medium 
Time (h) Homocysteine Cysteine Gluthatione Cysteinylglycine 3,-Glutamylcysteine Protein 
Cell Medium Cell Medium Cell Medium Cell Medium Cell Medium Cell 
Methionine-containing medium, 100/xmol / l  
0.5 1.9 5- 0.5 3.1 5- 1.1 38 -I- 12 
24 4.2 5- 1.6 82 5- 10 62 5- 16 
48 5.5 5- 1.9 131 5- 23 85 5- 21 
Methionine-deficient medium 
0.5 1.5 5- 0.6 2.4 5- 0.8 32 5- 8 
24 1.3 5- 0.5 * 12 5- 3 * 35 5- 12 * 
48 1 .5±0.6  * 19+4 * 41± 10 * 
3280 5- 181 160 5- 37 19 5-4 17+4 12 5-4 0.8 5- 0.4 3.4 5- 0.9 2.6 5- 0.3 
2910 5- 156 372 5- 67 8 5- 2 17 5- 5 27 5- 6 1.2 5- 0.4 9 5- 3 3.8 5- 0.4 
27205- 196 4245-85 3.1___ 1.1 195-7 305-5  1.65-0.8 105-2 5.25-0.5 
3240+200 164+32 18+3 15+5 14+3 0 .8+0.4  3 .1+ 1.6 2 .5+0.3  
3100+283 318+72 4 .0+ 1.3 * 13-t-4 27+5 1 .6+0.4  12-t-3 3 .0+0.5  * 
3010+ 196 * 340+61"  1 .3+0.6  * 17+6 32 5-9 1 .6+0.8  10+2 3.2 5- 0.4 * 
Mean and S.D. of 4 cell cultures are given. 
* P < 0.05 compared to cell cultures in methionine-containing medium. 
8 B. Hultberg et al./Biochimica et Biophysica Acta 1269 (1995) 6-12 
3. Results 
3.1. The effect of  methionine-deficient medium on the 
thiols in cell culture 
In methionine-deficient medium the cell growth de- 
creased, the intracellular concentration of homocysteine 
decreased somewhat and the export of homocysteine to the 
medium decreased considerably compared to the findings 
in cells cultured in normal medium (Table 1). Intracellular 
cysteine and glutathione also decreased slightly in cells 
cultured in methionine-deficient medium, whereas intra- 
cellular cysteinylglycine and 7-glutamylcysteine did not 
change significantly. After 24 and 48 h of incubation in 
normal medium, the intracellular amount of homocysteine 
is small in comparison with the total amount found in the 
medium. Likewise, intracellular cysteine is only a few 
permil of the total amount seen in the medium, whereas 
intracellular glutathione is much larger than that found in 
the medium. 
Fig. 1 shows that the cell growth and the release of 
homocysteine into the medium are almost maximal already 
at a methionine concentration i  medium of 50 mmol/1 
and that these parameters do not increase very much even 
at a methionine concentration of 600 mmol/ l .  
3.2. The effect of  cystine-deficient medium on the thiols in 
cell culture 
In cystine-deficient medium the level of intracellular 
cysteine and glutathione was decreased compared to the 
findings in cells cultured in normal medium (Fig. 2). The 
cell growth is lower than in the normal cystine-containing 
medium. The mean increase of cell protein after 48 h of 
incubation was 1.0 + 0.3 mg (n = 3), whereas three con- 
trol cultures, in cystine-containing medium, cultivated si- 
multaneously exhibited a mean increase of 2.1 _ 0.4 mg 
after 48 h of incubation. The total amount of intracellular 
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Fig. 1. The effect of increasing concentrations of methionine in the 
medium on cell growth (cell protein • ), intra (C))- and extracellular (O) 
concentrations of homocysteine after 24 h of incubation. Two dishes from 
each methionine concentration are shown. 
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Fig. 2. The effect of cystine-depletion on the different cellular sulfhydryls 
after 0.5, 24 and 48 h of incubation. Three dishes from each incubation 
period are shown. Abbreviations: HCY, homocysteine; CYS, cysteine; 
GSH, glutathione; CG, cysteinylglycine; GGC, 7-glutamylcysteine. 
homocysteine is lowered corresponding to the lower cell 
protein in the cell cultures without cystine (Fig. 2). Fig. 2 
also shows that the glutathione precursor, 7-glutamylcy- 
steine, and the glutathione degradation product, cysteinyl- 
glycine, reflect the level of intracellular glutathione and are 
lowered intracellularly in cystine-deficient medium com- 
pared to the findings in cells cultured in normal medium. 
3.3. The addition of  homocysteine to cell cultures deficient 
in cystine or methionine 
The addition of homocysteine (final concentration: 100 
and 500/xmol / l )  to the medium with or without methion- 
ine showed an increase of the intracellular amount (nmol) 
of homocysteine compared to cell cultures without added 
homocysteine (Fig. 3). When homocysteine was added to 
cell cultures containing normal medium and medium defi- 
cient in cystine, it was found that intracellular homo- 
cysteine increased more in cultures with medium deficient 
in cystine (Fig. 3). It could also be noted that the addition 
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Fig. 3. The effect on cellular homocysteine and glutathione when homo- 
cysteine is added to cell cultures deficient in cystine or methionine. 
Incubations were performed 0.5 and 24 h. Legends: O, control cell 
cultures without he addition of homocysteine; O, cell cultures with the 
addition of homocysteine, 100 p.mol/l; A, cell cultures with the addition 
of homocysteine, 500 p, mol/1. 
of  homocysteine to cell cultures in cystine-deficient 
medium somewhat increased the intracellular level of glu- 
tathione compared to cells cultured solely in cystine-defi- 
cient medium (Fig. 3). The cell protein in the cultures 
containing both methionine and cystine showed a mean 
increase of 1.9 + 0.4 mg (n = 8) after 24 h of incubation, 
whereas cultures without cystine showed an increase in 
cell protein of 0.7 +0.3  mg (n = 8) (P<0.001)  and 
cultures without methionine 0.4 + 0.2 mg (n  = 8) (P  < 
0.001) after 24 h of incubation. The addition of homo- 
cysteine (500 /zmol/1) to cell cultures with methionine- 
(n = 4) or cystine- (n = 4) -deficient medium did not sig- 
nificantly change the increase of cell protein in cultures 
with methionine-deficient medium but normalized the cell 
growth in cultures with medium deficient in cystine. 
The intracellular concentrations (nmol /mg cell protein) 
of thiols after 0.5 and 24 h of incubation were examined 
after addition of homocysteine (final concentration: 500 
and 2000 tzmol/1) to cell cultures with medium deficient 
in methionine (Table 2). The slow cell growth did not 
change in the cells cultured in methionine-deficient medium 
after addition of homocysteine, but intracellular homo- 
cysteine increased strongly both in control cell cultures 
and in cultures with methionine-deficient medium. No 
significant change was noted for intracellular cysteine. 
Likewise, no significant change could be noted for intra- 
cellular glutathione, cysteinylglycine or y-glutamylcysteine 
in cells cultured in methionine-deficient medium (not 
shown). In cells cultured in cystine-deficient medium intra- 
cellular cysteine and glutathione were decreased and the 
cell growth was slow. After the addition of homocysteine 
cell growth was normalized and the glutathione levels 
were also somewhat restored. The intracellular concentra- 
tion of homocysteine, after the addition of homocysteine, 
was somewhat higher (P  < 0.05) in cells cultured in cys- 
tine-deficient medium compared to the control cells and 
Table 2 
Addition of homocysteine (500 and 2000 /xM) to cell cultures in methionine- or cystine-deficient medium 
Control medium, homocy:~teine 
added 
Methionine-deficientmedium, ho ocysteine 
added 
Cystine-deficientmedium, homocysteine 
added 
0 500 2000 0 500 2000 0 500 2000 
0.5 h 
Prot 2.0_+0.3 2.1 +0.4 2.0+0.4 1.9-+0.2 2.1 -+0.4 2.0-+0.3 2.1 +0.3 2.1 _+0.4 2.1 __.0.4 
Cys 16-+4 17-+4 18-+5 18-+3 17_+3 20_+6 5.1_+2.3 * 5.0+3.1 * 5.4_+2.2 * 
GSH 58_+11 61-+13 59_+9 59+10 58-+9 58-+11 58-+13 57_+10 60_+9 
Hcy 0.8_+0,3 5.0_2.3 a 34_+6 a 0.8_+0.2 4.8 +2.1 a 32_+9 a 0.9-+0.3 9.1-+3.6 *a 42_+8 *~ 
24h 
Prot 3.5 _+ 0.2 3.5 _+ 0.3 3.6 _+ 0.3 2.1 _+ 0.3 * 2.0 5:0.3 * 2.0 _+ 0.3 * 2.6 _+ 0.3 * 3.6 _+ 0.4 3.7 _+ 0.4 
Cys 15_+3 15_+4 16_+5 18_+4 20_+6 30+8 * 3.2-+1.8 * 8.1_+3.0 * 7.8+2.3 * 
GSH 105-+18 102-+12 100+15 101_+12 104_+13 106_+10 4.5_+2.1 * 37_+12 * 58_+10 * 
Hcy 1.5_+0.3 2.9_+1.0 a 28+5 a 0.8-+0.2 3.2+1.2 a 30+8 a 1.6_+0.3 105-4 *" 41-+7 *~ 
Mean and S.D. in 4 cell cultures are given for intracellular thiols and cell-protein. Thiols are given as nmol/mg cell-protein and the amount of cell-protein 
is expressed as mg. 
* P < 0.05 compared to respective control cell culture. 
a p < 0.05 compared to cell cultures without added homocysteine. 
Prot, cell-protein; Cys, cysteine; GSH, glutathione; Hcy, homocysteine. 
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Fig. 4. The concentration of cellular glutathione at 0.5 and 24 h of 
incubation after the addition of 40 and 100 /zmol/l of copper ions 
without (O) and with the addition of homocysteine (O), (500 /xmol/l) 
compared to control cells without he addition of copper ions. 
cells cultured in methionine-deficient medium. In all ex- 
periments with added homocysteine, the intracellular 
amount of homocysteine was below 1% of the amount 
found extracellularly. Analysis of lactate dehydrogenase 
and /3-hexosaminidase did not indicate any cell damage 
(no increased release to the medium) in any of the cell 
cultures with high amounts of added homocysteine. 
Homogenization of the cells in the experiments de- 
scribed above (addition of 500 and 2000 /zmol/1 of 
homocysteine) in sulfosalicylic acid without reduction, 
immediately after the washing step (see Section 2) did not 
result in any change of the measured intracellular concen- 
tration of homocysteine compared to the usual preparation. 
This indicates that all homocysteine in the cells exists in 
its reduced sulfhydryl form. 
3.4. The cellular effects of addition of copper ions and 
homocysteine 
The effect of copper ions (CuSO4) 40 and 100 /~mol/l 
was tested with and without he addition of 100 tzmol/1 of 
homocysteine. We found no effect on cell growth or on the 
release of enzymes (lactate dehydrogenase and /3- 
hexosaminidase) to the medium. The presence of copper 
ions lowered the intracellular level of glutathione (Fig. 4), 
but no effect on the concentration f the other thiols could 
be noted. 
Table 4 
The effect of the addition of copper ions and homocysteine to cell 
cultures 
Control Hcy Cu 2+ Cu 2+ 100/xM 
cells 500/xM 100/zM Hcy 500/xM 
0,5 h 
Prot 2.0+0.2 2.0+0.3 2.1 +0.3 1.9+0.3 
Cys 10+3 15-t-6 9+2 14+4 
GSH 56+12 61+12 52+10 52+12 
Hcy 0.8_+0.2 4.8+0.5 0.7+0.3 45+22 * 
24 h 
Prot 3.5+0.4 3.5+0.4 3.4+0.4 2.1-t-0.3 * 
Cys 15+3 17+5 13+4 15+4 
GSH 110+7 112+12 70+6 * 91+13 * 
Hcy 1.6+0.3 2.2+0.5 1.5+0.4 4.0+ 1.2 * 
Mean and S.D. of 4 cell cultures are given for intracellular thiols and 
cell-protein. Thiols are given as nmol/mg cell-protein and the amount of 
cell-protein is expressed as mg. 
* P < 0.05 compared to control cell cultures. 
Legends; Cu 2+, copper ions; Hcy, Homocysteine. 
The addition of 500 ~mol / !  of homocysteine to cells 
cultured in different concentrations of copper ions signifi- 
cantly arrested the cell growth when the concentration of
copper ions was 100/~mol/1 (Table 3). Very high amounts 
of intracellular homocysteine were noted in this experi- 
ment, particularly after 0.5 h of incubation (Table 4). 
However, analysis of lactate dehydrogenase and /3- 
hexosaminidase did not indicate any cell damage (no 
increased release to the medium) in these cell cultures. 
4. Discussion 
4.1. Methionine-dependence 
The following conclusions regarding methionine-depen- 
dence could be drawn from these experiments. Methionine 
is needed for optimal cell growth of the cell-line U-937 
and even very high amounts (2000 /zmol/I) of added 
homocysteine could not supply enough methionine via the 
remethylation pathway to maintain a normal cell growth in 
cells grown in a methionine-deficient medium. Addition of 
cobalamin and/or folate to the cell cultures did not affect 
the low rate of remethylation of homocysteine (unpub- 
lished findings). The ability of cells in culture to grow in 
Table 3 
The effect of copper ions and homocysteine oncell growth (increase of cell-protein in 4 cell cultures after 24 h of incubation) 
Copper 0 0 40 40 100 100 
(/xmol/1) 
Homocysteine 0 500 0 500 0 500 
(/xmol/1) 
Cell protein (mg increase/24 h) 1.1 + 0.4 1.0 + 0.4 1.0 _+ 0.3 0.7 _+ 0.4 0.9 + 0.4 0.3 _+ 0.1 * 
Mean and S.D. are given. 
P < 0.05 compared to cell cultures without he addition of copper ions and/or homocysteine. 
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media where methionine is replaced by its metabolic pre- 
cursor, homocysteine, has been the subject of numerous 
investigations [13,14]. Initial experiments indicated that 
loss of the ability to utilize homocysteine was linked to 
neoplastic transformation, but several investigations have 
revealed a more complex nature of this phenomenon since 
some normal cells have been shown to require methionine 
for growth and different malignant cells have been shown 
to be methionine-independent [ 15,16]. 
4.2. Export of homocysteine 
Homocysteine is produced and exported in large 
amounts to the medium during normal cell growth in 
methionine-supplemented m ium. In this study, the intra- 
cellular amount of homocysteine is about 60% of that 
found in medium after 0.5 h of incubation, whereas after 
24 or 48 h it is only 4-:5%. The intracellular level of 
homocysteine seems to be strictly regulated by export 
mechanisms [17]. Under normal conditions cells excrete 
homocysteinyl moieties to the medium and perturbation of
homocysteine-metabolism increases the accumulation of 
homocysteine in the medium [18]. Thus, the export of 
homocysteine s ems to be a reflection of its intracellular 
formation. 
4.3. Glutathione synthesis 
In cystine-deficient medium, the cells grow slowly and 
the synthesis of glutathione is arrested. It seems as if the 
transsulfuration pathway cannot supply enough cysteine to 
maintain the production of glutathione. Addition of homo- 
cysteine to such a medium significantly restores the cell 
growth and to some extent also the synthesis of glu- 
tathione. Thus, the addition of homocysteine seems to 
supply enough cysteine (via the transsulfuration pathway) 
to maintain some synthesis of gluthatione. The increase in 
the intracellular level of glutathione is known to be depen- 
dent on the presence of cystine in the culture medium [19]. 
The rate-limiting step for this increase seems to be the 
intracellular supply of cysteine, which is the reduced form 
of cystine and used by mammalian cells for glutathione 
synthesis [9]. Therefore, utilization of cystine from the 
growth medium is critical for the cysteine supply of these 
cells. The uptake of cystine is mediated by a transport 
system denominated x~, highly specific for cystine and 
glutamate [19,20]. The functions of the glutathione include 
maintenance of the sulfhydryl groups of proteins and the 
maintenance of other compounds in reduced form and it is 
involved in cellular detoxication processes [9]. Alteration 
of its level may, therefore, :reflect cellular esponse to toxic 
agents. 
Because homocysteine is a precursor of cystathionine 
and subsequently c steine, which is a substrate in the first 
step of the synthesis of glutathione [9], there might be a 
relation between homocysteine formation and glutathione 
synthesis. In this study we noted that addition of homo- 
cysteine to cystine-deficient medium not only increased 
the cell growth but also to some extent restored the 
intracellular level of glutathione. This is in agreement with 
studies showing that exposure of cells to aminothiols or 
cysteine derivatives leads to an increase of cellular glu- 
tathione content [9,19]. 
In this study we also noted that addition of copper ions 
(40 and 100 /xmol/l) decreased the intracellular level of 
glutathione, without affecting any other intracellular 
sulfhydryl. This effect of copper ions has been observed 
earlier [21-23] and attributed to different mechanisms such 
as increased extracellular release of glutathione, formation 
of copper-glutathione complexes or copper-related inhibi- 
tion of enzymes necessary for glutathione synthesis. As we 
did not observe any increase of glutathione release to 
medium during the exposure of copper ions it is possible 
to exclude the release-mechanism. 
4.4. Uptake of homocysteine 
We were able to show, in this study, that in cystine-de- 
ficient medium more homocysteine was recovered intra- 
cellularly, which may indicate that cysteine and homo- 
cysteine compete for the same transport mechanism. The 
uptake of homocysteine has been studied in human en- 
dothelial cells [24] and it was found that these cells possess 
at least two transport systems for homocysteine, the well- 
known transport systems for neutral amino acids, ASC and 
L [25]. As cysteine is also mainly transported by the ASC 
system in a variety of cells, it was not unexpected that 
homocysteine uptake by endothelial cells was inhibited by 
cysteine [24]. However, cystine also inhibited the uptake of 
homocysteine, possibly due to formation of mixed disul- 
fides [21], as cystine uptake is mediated by another cartier 
(x c) that co-transports glutamate [20] as described above. 
4.5. The cellular effects of high amounts of extracellular 
homocysteine 
Another finding in this study is that addition of very 
high amounts of homocysteine (2000 /xmol/l) to the 
medium did not result in any signs of cell damage, despite 
our findings of the high intracellular concentration of free 
reduced homocysteine. It is known that endothelial cells 
from normal individuals are relatively resistant to effects 
of homocysteine when compared to endothelial cells from 
individuals heterozygous for homocystinuria [26]. 
Although the mechanism by which homocysteine may 
promote atherothrombotic disease is not established, sev- 
eral recent reports have demonstrated a potential role for 
homocysteine in endothelial cell dysfunction in vitro. Re- 
ported effects have been direct toxic ones on endothelial 
cell due to H202 production from thiol autooxidation or 
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homocysteine-associated lterations in the thromboregula- 
tory properties of endothelial cells using relatively high 
doses of homocysteine (> 1 mM) (for a review see Ref. 
[27]). 
4.6. The cellular effects of copper ions and homocysteine 
In this study we observed that the addition of copper 
ions (100/zmol/1) and homocysteine (500/zmol/ l)  to the 
medium almost completely arrested the cell growth. This 
effect is probably related to oxidative mechanisms. Starke- 
baum and Harlan [28] demonstrated that in the presence of 
copper, homocysteine was oxidized with concomitant pro- 
duction of hydrogen peroxide, resulting in injury to en- 
dothelial cells. Whilst the level of homocysteine in our 
investigation with a short-term cell culture experiment is
much higher than the mild hyperhomocysteinemia (about 
20-30 /xmol/1, see Ref. [29]) thought o be atherogenic n
humans, it is conceivable that over a longer time-course 
these levels of homocysteine could be sufficient o induce 
endothelial dysfunction eventually leading to athero- 
sclerosis. 
5. Conclusions 
This study shows that the intracellular concentration f
homocysteine is kept low due to an accumulation i the 
medium. The intracellular level of homocysteine was de- 
creased when its precursor, methionine, was omitted from 
the culture medium. It is evident from this study that the 
intraceilular concentration of homocysteine was not influ- 
enced by lowering the level of glutathione and/or cysteine 
(cystine-deficient medium or addition of copper ions). 
High amounts of homocysteine added to the medium give 
rise to an increase of intracellular reduced homocysteine, 
which participitates in the transsulfuration pathway and 
can replace cysteine in the synthesis of gluthatione. The 
addition of relatively high amounts of reduced homo- 
cysteine in the presence of copper ions to the medium 
could be directly toxic to the cells, possibly due to oxygen 
radicals formed by thiol auto-oxidation. 
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